Introduction
The development of molecular biology methods that allow for the almost routine detection and analysis of DNA sequences has resulted in a considerable increase in the accuracy and speed of fungal identification (Foster et al., 1993; Bridge and Arora, 1998) . The knowledge and comparison of DNA sequences has also enabled the more precise grouping of fungal taxa, and has provided important insights into the genetic variability present in fungal pathogens Henrion et al., 1992; Takamatsu, 1998) . Molecular techniques can therefore provide powerful tools for identifying particular fungi in environmental samples or plant tissue, and for determining epidemiology of fungal diseases (Beck and Ligon, 1995; Di Bonito et al., 1995) .
The DNA region most commonly used for molecular determination of filamentous fungi is the gene cluster that codes for the ribosomal RNA (rRNA; Fig. 17 .1). This cluster is composed of the genes for the 5.8S, the small and the large ribosomal subunits, which are separated by internal transcribed spacers (ITS). The small subunit (SSU) and large subunit (LSU) genes are constituted as a number of separate regions (domains), comprising both moderately and highly conserved DNA sequences. In contrast, the ITS regions are composed of more variable DNA sequences. The rRNA gene cluster occurs in multiple copies in the genome, arranged in linear repeats, with each gene cluster separated by an intergenic spacer (IGS) region (White et al., 1990; Hillis and Dixon, 1991; Hibbet, 1992) . This multiple occurrence, together with the ubiquitous nature of the gene cluster, makes the rRNA genes good target regions for the development of molecular diagnostics. The variation in sequence conservation across the gene cluster allows for specific sequences to be identified at different taxonomic levels Bainbridge, 1994) . The conserved sequences in the subunit genes show sufficient conservation to enable sequences to be identified that are common to all fungi, or to individual phyla and orders. Alternatively, the variable sequences of the spacer regions (ITS and IGS) contain sequences that are common at approximately the species level, and many species-specific sequences have been identified in these regions (White et al., 1990; Mills et al., 1992; Levesque et al., 1994; Bridge and Arora, 1998; Edel, 1998) .
The polymerase chain reaction (PCR) is a method that enables many copies to be made of particular DNA regions. The basic principles of the PCR reaction are that a region of DNA is defined from two flanking sequences, and multiple copies of this are then produced through repeated cycling of a series of temperature-dependent reactions (thermal cycling). Synthetic oligonucleotides, called primers, are constructed for the flanking regions and a thermostable DNA polymerase is then used to synthesize the intervening base sequence (Saiki et al., 1985 (Saiki et al., , 1988 Mullis et al., 1986; Mullis and Faloona, 1987) . The ribosomal RNA gene cluster, as described above, consists of interspersed conserved and variable sequences. General primers can therefore be constructed to conserved sequences which flank variable regions and allow amplification of the intervening variable region. This principle is used to amplify the ITS regions, with primers designed from the termini of conserved subunit genes (White et al., 1990; Gardes and Bruns, 1993) . Analysis of the sequences of amplified ITS regions can then identify common and unique sequences that can be used to design further primers with increased specificity. This approach has been used for a number of fungi and has been particularly effective in developing species-or pathogen-specific primers that can be used with environmental samples and in the presence of plant material (Gardes et al., 1991; Hopfer et al., 1993; Levesque et al., 1994; Beck and Ligon, 1995; Di Bonito et al., 1995; Mazzola et al., 1996) .
There is a considerable amount of information available on the sequences of the rRNA gene cluster in the genus Ganoderma (Moncalvo et al., 1995a) , and more than 30 ITS sequences are available through public access databases such as EMBL and GenBank. There is considerable similarity between ITS sequences, and these can be aligned from species across the genus (Moncalvo, this volume) . Small groups of isolates can be defined by ITS sequences with approximately 2-3% sequence variation within groups (Moncalvo et al., 1995b, c) . This level of sequence variation corresponds well to that seen within species of some other plant-pathogenic fungi (Seifert et al., 1995; Sreenivasaprasad et al., 1996) , and so it would appear that ITS sequences can be used to define species in Ganoderma. One feature of the ITS regions is that most variation is associated with the 5′ and 3′ termini of the region (Moncalvo et al., 1995b, c) . Although ITS regions have been sequenced from many Ganoderma species, very few sequences have been obtained from isolates associated with palms, and none are available through the public access databases. A single sequence has been deposited for G. boninense, but it is now believed that the isolate was incorrectly labelled and had not been associated with a palm (Moncalvo, personal communication) .
Several molecular approaches have been used to characterize isolates of Ganoderma (Miller, 1995; Miller et al., 1995; Abu-Seman et al., 1996; Gottlieb et al., 1998) . The most widely used has been isoenzyme analysis and this has given rather variable results. In studies on Ganoderma species on woody plants in South America, isoenzyme profiles can in some cases define species (Gottlieb et al., 1998) . However, studies on palm pathogens have proved more complicated and although pectinase zymograms produce band patterns that largely define the palm-associated isolates, intracellular isoenzyme profiles can be very variable and appear to define either individuals or small groups of apparently unrelated isolates (Miller, 1995; Miller et al., 1995) . In the oil-palm-associated isolates, mitochondrial DNA polymorphisms appear to define populations at around the level of an individual or sibling family (Miller et al., 1999) , while DNA fingerprinting methods, such as amplification fragment length polymorphisms (AFLPs) and simple repetitive primers, can give band patterns that vary between individual monokaryons isolated from a single basidiocarp (Bridge, 2000) . This is in contrast to results obtained from isolates pathogenic to coconuts in Sri Lanka, where both techniques showed little variation within the population (Rolph et al., this volume), perhaps indicating the clonal spread of a new pathogen.
One of the aims of the EU-STABEX-funded programme at the Papua New Guinea Oil Palm Research Association (OPRA) has been to develop a rapid molecular diagnostic method for detection of Ganoderma pathogenic to oil palm. ITS regions were targeted for this due to the ready availability of comparative sequences and the success obtained with this approach in other groups of plant-pathogenic fungi. An additional consideration was that Ganoderma on oil palm occurs as dikaryotic mycelium and basidiocarps that give rise to monokaryotic basidiospores. The rRNA gene cluster is generally considered to be resistant to cross-over and segregation events and so could be expected to be conserved through both meiosis and mitosis (Hillis and Dixon, 1991; Hibbet, 1992) .
ITS Region of Oil-palm-associated Isolates
The ITS region was amplified from cultures obtained from isolates infecting palms at Milne Bay Estates, Alotau, Papua New Guinea. Cultures were obtained from both dikaryotic mycelium and from monokaryotic mycelium derived from single basidiospores from individual basidiocarps. In total, material was obtained from 19 dikaryotic cultures derived from basidiocarps; three sets of monokaryons each containing four cultures derived from individual basidiospores from single basidiocarps, and three further dikaryotic cultures derived from crosses made within each set of monokaryons. These cultures were selected in order to ensure that the ITS region was normally resistant to any cross-over and segregation associated with meiosis. The collection of the original basidiocarps was from widely separated palms and so could provide an indication of any variation present in the overall population.
DNA was extracted from each culture and the complete region, containing both ITS sequences and the 5.8S RNA subunit gene, were amplified with the primers ITS1F (Gardes and Bruns, 1993) and ITS4 (White et al., 1990) . The resulting PCR products from all cultures were all of the same length (approximately 600 bp). Gross sequence variation was initially screened by digestion of the products with restriction enzymes to give simple restriction fragment length polymorphisms (RFLPs). All products gave identical RFLPs, indicating that they were composed of, at least superficially, similar sequences. The PCR products from four cultures were selected as representative and sequenced in both directions. These were also found to be identical for all of the representative samples ( Fig. 17.2) .
The sequence obtained was compared to all of those maintained in public access databases, as the complete sequence and as the separate ITS1 and ITS2 regions. In every case the most similar sequences were always those from other Ganoderma species. 
Selection of Primer Site
As described earlier, previous studies have shown considerable similarities in the sequences in the ITS regions among species of Ganoderma (Moncalvo et al., 1995a, b, c) . As a result it is possible to align ITS sequences from species across the genus and to determine sequence divergence between species. shows an example of such an alignment of the ITS2 sequences of Ganoderma isolates contained in the EMBL database, with the ITS2 sequence of the isolates from oil palm in Papua New Guinea. This alignment shows that the ITS2 sequence from the oil-palm isolates is distinct from those of other species, and comparison of the ITS2 sequences showed two sequences near the 3′ terminus which appeared to be unique to the oil-palm isolates. The first of these was the sequence TGCGAGTCGGCT, which started at position 105, and the second was GTTATTGGGACAACTC, which started at position 178. Short oligonucleotide sequences with high GC contents have been used as primers for the random amplification of polymorphic DNA (RAPD) in many fungal genomes (Welsh and McClelland, 1990; Williams et al., 1990) . The first unique sequence in the Ganoderma ITS2 region was very similar to a RAPD primer in that it was 12 nucleotides in length and had a 75% GC content. A primer constructed to this site might therefore behave similarly to a RAPD primer and would be unsuitable for specific detection methods. However, the second unique sequence was longer (16 nucleotides) and had a 44% GC content, and so was more suitable as a site for a specific oil-palm-associated Ganoderma primer. A primer (GanET) was constructed that gave a 3′ complement to this sequence. The sequence of this primer and the original DNA region were screened by searching the public access sequence databases. The original sequence showed very little homology with any reported DNA sequence, and none of the most similar sequences were obtained from fungi. This finding supported the original assumption that the sequence selected was specific to the oil-palm-associated Ganoderma. A second, 5′, primer was required to enable the amplification of a single fragment, and primer ITS3, a conserved sequence in the fungal 5.8S subunit gene (White et al., 1990) was selected. The combination of ITS3 and GanET would, in theory, amplify a 321 bp region containing most of the 5.8S subunit gene and the ITS2 region (see Fig. 17 .2).
Evaluation of Primer Combination
The first step in the evaluation of the ITS3/GanET primer pair was to test this primer combination against a purified DNA sample from one of the isolates that had been sequenced originally. Amplification was undertaken with a high annealing temperature (55ºC) in order to minimize non-specific primer binding, and the subsequent PCR product was a single band of the predicted size. The primer combination was then further tested against isolates of Ganoderma from basal stem rot (BSR) of oil palm in Papua New Guinea and Malaysia, and produced a single amplification product of 321 bp in each sample. The specificity of the primer combination was tested in two ways. First, it was used in the amplification of purified DNA from a collection of palmassociated Ascomycetes, Basidiomycetes and Oomycetes. These cultures included species of Verticillium, Ascochyta, Phoma, Fusarium, Rhizoctonia, Psilocybe, Thielaviopsis and Phytophthora. Although PCR products were obtained from some of these cultures, none contained the specific 321 bp product. One notable finding was the absence of the band from palm-associated Thielaviopsis, as these organisms have been implicated in a number of palm diseases, including upper stem rot (Kochu-Babu and Pillai, 1992) .
A second test involved the amplification of DNA samples from a wider range of palm-associated Ganoderma cultures. These included saprobic isolates from coconut and areca palms, saprobic cultures from poisoned oil palms, and isolates from Sri Lanka and India pathogenic to coconut palms (Rolph et al., this volume) . Amplification with the ITS3/GanET primers gave the specific 321 bp band in saprobic isolates obtained from coconut and areca palm, but this band was not produced in isolates from poisoned oil palm or from isolates pathogenic to coconut. ITS regions have been widely used to define fungal species and these results have some interesting implications for the study of the spread of Ganoderma diseases among palms. This presence of the specific band in saprobic isolates from coconut and areca palms would suggest that these isolates are either the same taxon as the oil-palm pathogen, or are very closely related to it. This is in agreement with previous observations and molecular studies which have suggested that BSR of oil palm may be caused by isolates saprobic on other palm hosts (Miller, 1995; Miller et al., 1995) . The absence of the band in the saprobic isolates from poisoned oil palm suggests that not all saprobic Ganoderma on palms belong to the BSR taxon. This is supported by the morphology of these cultures, which produced darker basidiocarps on the palm. The absence of the band from the isolates from infected coconut palms in India and Sri Lanka would suggest that these may also belong to a further taxon. This is supported in part by other molecular findings that show that the Sri Lankan coconut pathogen population is very homogeneous and may be a single, recently developed population (Rolph et al., this volume).
Diagnostic Capabilities
The ITS3/GanET primer pair was able to differentiate successfully the oil-palm BSR isolates from DNA preparations of pure cultures in the laboratory. The next phase of developing a diagnostic tool was to assess the capability of the primer pair to amplify the specific fragment from environmental samples that contain palm stem material and other saprobic microbes and invertebrates. Samples of infected and uninfected palm stem were collected from Milne Bay Estates, Alotau. Samples of tissue (approximately 2.5 × 0.75 cm) were collected into sterile screw-top bottles containing sufficient iso-propyl alcohol to keep the samples completely immersed. Samples were stored at room temperature for between 1 and 2 weeks after collection. The stem fragments were then frozen in liquid nitrogen and ground to powder in a mortar and pestle. The total DNA from the sample was extracted by a polyvinyl polypyrolidone/cetrimide extraction method (Cubero et al., 1999) . DNA prepared in this way was screened with the ITS3/GanET primer pair. The ITS3 primer was designed as universal for fungi and so should minimize the chance of amplifying DNA from other organisms or from the palm itself, and the specificity of the GanET primer should ensure that only oil-palmassociated Ganoderma DNA was amplified. Initial screening showed that the characteristic 321 bp band was only produced in samples derived from infected palms, and that this band was not present from reactions with uninfected palm material.
Conclusions
This study has shown that the Ganoderma responsible for BSR in oil palm is a single taxon, which is distinct at a species level. The ITS-based approach provides a single diagnostic method for the taxon which is independent of the infraspecific variation seen for many other characters. The results support the hypothesis that the BSR organism occurs in a saprobic state on other dead palms, particularly coconuts. The oil-palm taxon is, however, one of a number of Ganoderma taxa that may be saprobic on palms. The causative organism of stem rots on living coconut in India and Sri Lanka may be distinct from the oil-palm BSR, but testing of further isolates will be necessary before this can be established definitively. The use of the ITS3/GanET primer pair provides a practical tool for the detection and tracking of the BSR organism in the environment, and this provides a means to determine accurately the spread and infection route of the organism in the environment.
